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Abstract 
The paper presents the general requirements and an exemplary design of the RF front-end 
system that in today´s handset is a key consumer of power. The design is required to minimize 
the carbon footprint in mobile handsets devices, whilst facilitating cooperation, and providing 
the energy-efficient operation of multi-standards for 5G communications. It provides the basis 
of hardware solutions for RF front-end integration challenges and offers design features 
covering energy efficiency for power amplifiers (PAs), Internet of Things (IoT) controlled 
tunable filters and compact highly isolated multiple-input and multiple-output (MIMO) 
antennas. An optimum design requires synergetic collaboration between academic institutions 
and industry in order to satisfy the key requirements of sub-6 GHz energy-efficient 5G 
transceivers, incorporating energy efficiency, good linearity and the potential for low-cost 
manufacturing. A highly integrated RF transceiver was designed and implemented to transmit 
and receive a picture using compact MIMO antennas integrated with efficient tunable filters 
and high linearity PAs. The proposed system has achieved a bit error rate (BER) of less than 
10-10 at a data rate of 600 Mb/s with a wireless communication distance of more than 1 meter 
and power dissipation of 18-20 mW using hybrid beamforming technology and 64-QAM 
modulation. 
Keywords: Multiple Input and Multiple Output (MIMO), sub-6 GHz, 5G, Energy-Efficient 
Transceivers, Internet of Things, Compact Antennas, Tunable filters, Power Amplifiers. 
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I. Introduction  
5G RF front-ends for all wireless-enabled products are driven by cost, power efficiency, 
and available space within the unit. They are required to be compact, highly efficient, and able 
to be manufactured in large quantities to meet fast-growing global demand. In particular, 5G 
RF front-ends will play a major role in the Internet of Things (IoT) scenarios and devices, 
which require a minimum number of components, and scalability to address manufacturing in 
large volumes to reduce per-unit cost. In the current environment, most IoT devices are being 
built with low-cost parts originally developed for high-volume mobile phone production [1-2]. 
As we move toward 5G, the complexity of the RF front-end continues to increase. For 
instance, in addition to the main antenna path modules, diversity antennas provide both link 
robustness and increased downlink data rates. Designers are increasingly using receive 
diversity modules to process the diversity path, constituting receive (Rx) filters and 
increasingly incorporating amplifiers. Wireless carriers demanding higher 5G data rates drive 
carrier aggregation, creating more potential interference [3-4]. With almost all the available 
spectrum below 6 GHz now allocated, carriers will be forced to move to a higher frequency 
spectrum to secure bandwidth. As frequencies increase, RF propagation is reduced and 
penetration into buildings suffers: bandwidths available above 6 GHz lend themselves to short-
range, point-to-point, and line-of-sight connections (likely in-building) [5-6]. 5G is expected 
to operate in two frequency bands including sub 6 GHz and millimetre-wave (mmW). It is also 
a balancing point between coverage and capacity that provides the perfect environment for the 
earliest 5G connectivity. However, the 3.4 to 3.8 GHz frequency band has been identified as a 
worthy candidate for 5G communications as recommended by the office of communication 
(Ofcom) [7]. 
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In this context, the EU-funded H2020-MSCA project “SECRET” aims to provide a 
system-level solution for 5G and beyond, based on the notion of virtualization, that extends the 
virtualization coverage beyond the mobile networking infrastructure to include mobile and 
fixed terminals. This will open a plethora of new opportunities in the IoT world such as 
dynamic IoT networks set-up on-demand based on local decision making, storage, and 
connectivity enabling fast reaction time, and more efficient use of IoT radio resources. The 
SECRET scenarios provide the design requirements for 5G RF front-ends, which include 
energy-efficient and multi-standard RF elements for next-generation handsets, small base 
stations and IoT devices [8]. The proposed model of the small SECRET base station is based 
on subarray operations and the small SECRET user terminal array for MU-MIMO operation 
as shown in Figure 1. The physical and virtual beamforming harnesses various methodologies 
to generate the required weights to increase the signal-to-noise ratio and reduce the interference 
introduced due to the distribution of the virtual beams. A detailed model of the Mu-MIMO 
shown in Figure 1 in terms of beamforming diagrams and radio chains is illustrated in Figure 
2. This shows how the front-end elements are connected to support hybrid beamforming, and 
the RF chains which deliver state-of-the-art IoT-controlled reconfigurability at the transmitter 
and receiver ends. 
 
Figure 1: The proposed base station and user terminal arrays for Mu-MIMO. 
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Figure 2: Reconfigurable Mu-MIMO modules for 4G/5G TX and RX. 
 
In the literature, some works are devoted to the study of the heterogeneous transceiver 
architectures [9-18]. In [9], a 3.7–4.3 GHz frequency-modulated ultra-wideband (UWB) 
transceiver with analog reconfigurable subcarrier modulation index, UWB bandwidth and RF 
band is proposed. The introduced transceiver design including UWB bowtie antenna structures 
obtained a bit error rate (BER) of 10-6 at a data rate of 12.5 kb/s with a communication distance 
of 60 cm and the power dissipation of 21 mW with low cost and high robustness. A half-rate 
clock-embedded source-synchronous signaling arrangement to detect its constraints and to 
optimize the transceiver architecture in the existence of a band-limited channel is proposed in 
[10]. The prototype transceiver achieved a wide operating frequency range of 2.3–5 and 6–8 
Gb/s, respectively, with a bit error rate of 10-12 and power efficiency that measured at maximum 
data rates was around 5 mW/Gb/s. Furthermore, to enable high data rates in mobile 
communication systems, the long-term evolution (LTE) standard has considered carrier 
aggregation (CA) to increase total bandwidth by channel bonding [11-13]. The present 
transceiver prototypes with a limited modulation index and low data rate complicate system 
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design with a four-phase subcarrier processor (SCP) and have poor reconfiguration [14]. The 
proposed regenerative transceiver architectures [15] with low power consumption have a 
tendency to be sensitive to circuit parameter variations and are considered not as robust as the 
conventional transceiver systems. The current transceiver implementation with relaxed 
subcarrier processor configuration and gated power control is not reflected for external mobile 
communication systems due to the lack of RF front-ends [16]. Another reconfigurable 
transmitter configuration [17] with a two-phase finite-module phase-locked loop was designed 
to targeting high data rate applications but encounters large subcarrier spurs as well as high 
power consumption. The transceiver designed in [18] with dual band-pass filters (BPFs) is 
difficult to make the BPF center frequency accurately tuned for wide frequency ranges.  
In this paper, a reconfigurable transceiver for sub-6 GHz 5G wireless communication 
applications is designed and fabricated. With efficient RF front-end and external proposed 
MIMO antennas, the designed transceiver featuring low complexity and high robustness 
achieves a low bit error rate (BER) within the desired communication distance and 
accomplishes a low power consumption with a tenability property based on the IoT system 
platform. The designed transceiver applies a hybrid analog-digital beamforming architecture, 
which reduces the number of RF chains in MIMO systems. The designed transceiver uses a 
hybrid analog-digital beamforming architecture, which reduces the number of RF chains in 
MIMO systems, thus reducing power consumption [19-23]. Our proposed hybrid beamforming 
with 12-bit quantization has improved the energy efficiency by as high as approximately 100% 
over the conventional architectures with high-resolution A/D. A comparison of the introduced 
approach with the prior art is presented in Table 1. The organization of this manuscript is as 
follows. In Section II, the linearization of the energy-efficient power amplifier is presented and 
discussed. In Section III, a tunable filter controlled by IoT is proposed for the heterogenous 
sub-6 GHz 5G transceiver system. In Section IV, an eight-port and four-port MIMO array with 
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compact and dual-polarized slot-ring and radiators is designed and studied. The elements are 
deployed at the different edges of the mobile handset printed circuit board (PCB). In Section 
V, an RF agile transceiver using a highly integrated platform is discussed for the SECRET 
scenario. Section VI proposes the green and highly efficient RF transceiver including the 
fabricated prototype and system testing using MATLAB software. Finally, Section VII 
presents our conclusions. 
Table 1 
Comparison with Previous Works 
 [9] [10] [11] [12] [13] 
This 
Work 
RF Frequency (GHz) 3.7-4.3 1.87-1.95 0.7-3.8 0.1-3.0 1.85-1.91 3.4-3.8 
Beamforming Technique Analog Digital Digital Digital Digital Hybrid 
Power Consumption (mW) 21-25 46 52 38-70 76 18-20 
External Isolation (dB) 60 55 55 N/A 55 55 
BER 10-6 10-12 N/A N/A N/A < 10-10 
Modulation Scheme 2-FSK BPSK BPSK BPSK BPSK 64-QAM 
Tunability Yes No No No No Yes 
IoT Supported No No No No No Yes 
 
II. Linearization of the power amplifier and energy efficiency for 5G 
 The main target of this use-case is to investigate, design and fabricate a fully compact, 
linearized and efficient active load modulation PA that can be used for 5G base stations, and to 
measure its performance. 
A. General Description  
 The RF chain is a key block, responsible for high power consumption in mobile 
communications systems, where the PA is the main component responsible for consuming 
power: its main function is to boost the modulated signal without any distortion, and with the 
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highest possible efficiency. In the SECRET training program, the “efficiency enhancement 
technique” in the linear region of operation of PAs is being investigated. Several techniques are 
available, such as the use of Doherty power amplifiers (DPAs), Chireix out-phasing, envelope 
tracking (ET), envelope elimination and restoration (EER), and linear amplification using 
nonlinear components (LINC). Some of these techniques involve a complex architecture, 
external control circuits and signal processing, however, the Doherty configuration does not 
require any additional components, which together with its self-managing characteristics, makes 
its implementation attractive [24,25]. Accordingly, this use-case focuses on energy efficiency 
enhancement for RF PAs in the base station using the Doherty approach, linearizing the PAs by 
using Digital Pre-Distortion (DPD). The model is simulated with commercial software tools 
such as MWO and implemented on real hardware components that will be subjected to iterative 
optimization based on feedback from the simulation.  
B. Problem Definition  
 The Doherty approach needs to be investigated in detail for the following reasons. The 
use-case aims to reduce the power consumption of RF PAs, “greening” the design. Modern 
modulated signals mainly rely on more complex modulation schemes, so that the modulated 
signal will have an envelope with a peak-average-power ratio (PAPR) that requires transmitters 
to be linear. However, linearity and power consumption are often conflicting aims in RF design. 
A PA can deliver its maximum efficiency near the saturation region; however, due to the use of 
a modulated signal that has PAPR, the amplifier needs to be backed-off from this most efficient 
region so that the required application linearity is obtained. In the back-off region, the amplifier 
efficiency drops sharply, where the unused DC power will be transformed into heat, requiring 
additional cooling and reducing the overall system efficiency.  
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C. Performance Metrics 
 Going beyond the state of the art, we have designed a compact Doherty amplifier with 
high efficiency. The design is shown in Figure 3 (a) and (b). It consists of two amplifiers, the 
main amplifier and the peaking amplifier, that work together to provide peak efficiency at the 
back-off output power while maintaining the required linearity. The two amplifiers are 
combined at point S, as shown in Figure 3 (a). The classical Doherty amplifier requires a quarter 
wavelength transmission line, whose main function is impedance inversion. In this modified 
design, a virtual impedance inverter was embedded in the design of the output matching network 
of the main amplifier, controlling both the impedance seen by the amplifier at the back-off point, 
and also the impedance seen when the peaking amplifier is working during load modulation. 
Thus, the challenge in designing this matching network is to provide the main amplifier with 
the exact impedances at both the back-off and the load modulation region. It should be noted 
that the central SMAs are used to test the designed Doherty power amplifier.  
 The main amplifier is active all the time, providing the overall efficiency since the system 
works most of the time in the back-off region where the peaking amplifier is off. The peaking 
amplifier is mainly responsible for injecting current into the summing point to increase the 
output power and to change the impedance seen by the main amplifier in the load modulation 
region [26]. The design of the peaking amplifier output matching network has two main targets, 
firstly is to provide a high impedance looking from the summing point (S) towards the peaking 
amplifier in the back-off region, and secondly to provide the peaking amplifier with an 
impedance that makes the amplifier generate its maximum power in the peak region of load-
modulation when the peaking amplifier current is mainly responsible for determining the 
impedance modulation. Regarding the input matching network of both PAs, their main function 
is to control the achievable gain and gain flatness of each amplifier, and to ensure amplifier 
stability [27]. It should be noted that there are some interactions between the output matching 
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network and the input matching network which need to be taken into account. Furthermore, this 
study includes more PA designs that target different levels of output power with the highest 
efficiency and linearity. Some performance metrics may include power efficiency vs. linearity, 
dynamic range, bandwidth and suitable frequency tenability using IoT applications. 
  
(a) (b) 
Figure 3: The proposed amplifier (a) circuit layout (b) fabricated circuit. 
 The active load modulation amplifier was fabricated using a Roger RO4350B substrate 
with a thickness of 0.51 mm, targeting the sub-6 GHz band, with the amplifier working in the 
3.4-3.8 GHz frequency band. The amplifier was able to deliver a gain of 11 dB with good gain 
flatness over the required band. The amplifier was also tested in terms of large-signal 
measurements using a Continuous-Wave (CW) signal. It can be seen from Figures 4 (a) and (b) 
that the amplifier was able to provide an average efficiency of 51% at 6 dB back-off from the 
peak power and an efficiency of 76% at the peak power of 41 dBm. In addition, the amplifier 
was also tested with a Wideband Code Division Multiple Access (WCDMA) modulated signal 
which has a PAPR of 7 dB at 35 dBm output power, where the amplifier linearity was tested 
with/without a digital pre-distortion (DPD). The linearity in terms of Adjacent Power Leakage 
Ratio ACLR was 30 dB without a lineariser, as shown in Figure 4 (c). By adding a 3rd generation 
RF PA lineariser (SC1894), the amplifier linearity was improved by 20 dB. Note that the load-
modulation amplifier is very compact, efficient and linear which can be suitable for 5G base 
stations. 
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                                   (b) 
 
(c) 
Figure 4: Measured load-modulation amplifier performance (a) CW-measurements vs. 
input power (b) CW-measurements vs. frequency (c) Amplifier linearity performance 
with/without DPD. 
III. IoT controlled tunable filter  
 The objective of this part of the use-case is to model a compact tunable RF planar filter 
suitable for sub-6 GHz 5G applications with an emphasis on potential energy efficiency and 
good linearity. A compact planar tunable filter covering the 3.4-3.8 GHz spectrum for 5G 
wireless communications was designed, simulated, fabricated and measured.  
A. General Description  
Reconfigurable/tunable RF transceivers are increasingly studied for use in fifth-
generation (5G) wireless applications [28]. To minimize the entire size of the communication 
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systems and construct a miniaturized RF front-end with high performance, several design 
techniques have been realized for reconfigurable components and many planar tunable filters 
have been presented [29, 30]. For example, Fu-Chang et al. [29] introduced a tunable dual-band 
band-pass planar filter utilizing two sets of half-wavelength resonators tuned by three PIN 
diodes and four varactor diodes. The structure was fabricated using Roger RO3010 substrate 
with a dielectric constant (𝜀𝑟) of 2.56, loss tangent of 0.003 and height (h) of 0.81 mm, giving 
the compact size of 35.8×34.5 mm2. The operating frequency of the resonator was 2.42 GHz 
with an impedance bandwidth of about 45 MHz, with a resonant frequency tunable within the 
range 1.7-2.9 GHz (25.6% tuning range) using the seven diodes, with a return loss of more than 
12 dB and insertion loss of less than 3.8 dB. Di et al. [30] presented a tunable dual/single-band 
planar filter using new synchronously adjusted dual-mode resonators and four Skyworks 
SMV1281-079LF varactor diodes. The roll-off skirt factor and out of band characteristics were 
developed by utilizing three finite transmission zeros. The filter had a stopband of up to 3.8 GHz 
of the resonant frequency. The tuned frequency covered 0.76-2.0 GHz with an adjustable 
impedance bandwidth within 73-160 MHz.  
However, due to the rapid growth of recent wireless communications, compact and 
tunable/reconfigurable microstrip filter designs with low return loss and good stopband 
performance are required. Therefore, a tunable open-ended bandpass planar filter with good 
characteristics is proposed in this work for use in sub-6 GHz 5G wireless communications [31]. 
The filter uses three coupled line resonators with λ/4 open-circuited stubs and has a compact 
size of 13×8×0.81 mm3. It is printed on a Rogers RO3010 substrate with a relative dielectric 
constant of 10.2 and is simulated and optimized using computer simulation technology (CST) 
software. Figure 5 (a) shows the geometry of the proposed filter, including the biasing circuit 
required to tune the varactor diodes, two choke inductors to prevent the RF signal from passing 
through the biasing circuit, and two DC block capacitors at each end of the design.  
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B. Problem Definition  
It is intended that the future mobile handset will accommodate multiple standards, 
adopting reconfigurable handsets to reduce circuit duplication. This provides the impetus for a 
reconfigurable and tunable RF front-end structural design with metrics that include high energy 
efficiency, high tuning speed, excellent linearity, and low-loss or high-Q circuits. Varactor and 
MEMS technologies are seen as the most promising technologies. This use-case proposes to 
design and implement compact and highly selective tunable-switchable filter prototypes suitable 
for 5G technologies.  
C. Performance Metrics 
Going beyond the state of the art, we propose to design new tunable filters using varactor 
technology with emphasis on low-loss, low-power consumption, reduced size and high-Q, 
which would also allow easy integration with the antenna and Doherty power amplifier to 
implement the RF front-end. Frequency tunability is a desirable function for multi-band RF 
devices to tackle different wireless applications. Varactor diode switches are commonly used in 
planar filters to achieve tunable characteristics. Figure 5 (a) shows the configuration of the 
proposed tunable planar BPF with the electronic elements required to complete the biasing 
circuit. Two varactor diodes from Skyworks Inc (model SMV1234 and packaging size of 1.5 x 
0.7 mm2), two RF choke inductors (L = 10 nH) and two DC block capacitors (C = 10 pF) are 
used. To realize frequency tuneability, two parasitic transmission lines are implemented in 
parallel with the first and third resonators. The design parameters of these lines are selected and 
optimized with a length of 6 mm and a width of 1.4 mm for each: the gap between each line and 
the main resonating lines is 0.5 mm. CST software is used to obtain and optimize all the 
parameters. Among different varactor models, SMV1234 is applied here since it offers a wider 
capacitance range than others. Increasing the reverse biasing voltage (Vr) will widen the 
depletion region of the varactor so the capacitor values will be decreased and vice versa. Figure 
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5 (b) shows the obtained return and insertion losses for the tunable filter with different values 
of reverse biasing voltage, measured using an HP8510C vector network analyser. The diodes 
are biased using the same voltage source and controlled by using an IoT device NodeMcu, which 
is supported by the AD-FMC platform. As per the programmed software, the NodeMcu derives 
different voltage conditions across the varactor diodes, therefore, tuning the operating frequency 
bands. Instead of changing the voltage manually through cables, we used NodeMCU to control 




       (a) (b) 
Figure 5: The proposed tunable filter (a) configuration, (b) performance [solid line: return 
loss, dashed line: insertion loss], and a photograph of hardware realization. 
  
 It should be noted that increasing the reverse biasing voltages across the varactor diodes 
from 3.2-5.0 V will tune the centre frequency from 3.3-3.9 GHz with impedance bandwidth 
varying between 110-100 MHz. Also, less than 1 dB measured insertion losses and more than 
18 dB return losses are obtained over the tuned S-parameters. The proposed design has some 
attractive properties, which include: (1) a compact and simple structure, (2) good stopband 
rejection and selectivity, and (3) the measured insertion loss is low with good return loss to 
cover the sub-6 GHz 5G (3.4-3.8 GHz) spectrum. 
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IV. MIMO Antennas for Multi-Mode Mobile Handsets 
 The main objective of this use-case is to design new antenna systems with polarization 
diversity and improved performance for sub-6 GHz 5G mobile handsets. The antennas have 
been fabricated, and their properties measured. 
A. General Description  
With the development of wireless communication systems, multiple-input/multiple-
output (MIMO) techniques have been attracting attention for next-generation applications [32]. 
MIMO is a promising technology to enhance the performance of 5G networks. Although 
adding to the complexity of antenna design, it provides high data rates and improved spectral 
efficiency. In the case of massive MIMO, the 5G communication system also requires an array 
antenna with dual-polarization capability. MIMO antennas are proposed for use in smart and 
portable devices such as smartphones, laptops, etc. Among various types of MIMO antennas, 
microstrip antennas are more appropriate due to their attractive features, since they are small, 
light, and have low profiles. Moreover, microstrip antennas are easy to incorporate into 
practical applications to form a conformal antenna and they can be implemented to create 
multi-band antenna and multi-polarization antennas. In particular, microstrip antennas such as 
slot and monopole resonators are easy to integrate into a unified composition with active 
devices and microwave circuits, rendering them suitable for various applications [33]. 
B. Problem Definition  
Unlike the millimetre-wave spectrum, sub-6 GHz 5G can provide wider coverage and 
fewer propagation losses. To support large amounts of high-speed data, at least 100 MHz 
impedance bandwidth should be supported. In comparison with 4G smartphones, six to ten 
elements are required to be integrated into handheld devices for 5G massive MIMO to achieve 
good diversity and multiplexing gain. Since the space of the smart device is limited, the 
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arrangement of multiple antennas with increased radiators is difficult, and the distances 
between antenna elements must be narrow. Thus, mutual coupling between array elements 
would be high without measures to reduce this serious problem. Several MIMO antennas have 
been introduced for sub-6 GHz 5G smartphone applications. However, all these antennas either 
occupy a large space or use non-planar, single-polarized radiators at different sides of PCB 
edges.  
C. Performance Metrics 
Going beyond the state of the art, we present an eight-port/four-radiator MIMO array 
with compact and dual-polarized slot-ring radiators. The single-element dual-polarized 
radiators are fed by independent microstrip lines that have been excited by coaxial-probe 
feedings. Unlike most reported 5G antennas, the proposed antenna simultaneously possesses 
anti-interference and polarization diversity characteristics [34]. The antenna elements are 
compact and operating at 3.6 GHz of the sub-6-GHz 5G band. The schematic is shown in 
Figure 6 (a). It has an overall size of 75×150 mm2 and contains 8×8 ring-slot resonators with 
rectangular microstrip-line feedings with a size of 9.5×2 mm2. It is designed on a 1.6 mm FR-
4 substrate with a 4.3 permittivity and loss tangent of 0.002. The elements are deployed at the 
different edges of the mobile handset PCB. The inner and outer radii of the circular-ring slots 
are 7.7 and 8.85 mm, respectively. Employing dual-polarized slots not only improves the 
impedance-matching but also produces symmetrical radiation patterns covering the upper and 
lower regions of the smartphone PCB. The proposed design was fabricated and tested. The 
front view of the prototype sample is depicted in Figure 6 (b). Owning to similar characteristics 
of the antenna pairs, characteristics of the closely spaced antennas (Ant. 1 and Ant. 2) were 
measured and are discussed below. The measured and simulated S-parameter results (Snn and 
Smn) are plotted in Figures 6 (c) and (d): the slot elements exhibit well-defined S-parameters 
with sufficient frequency bandwidth and low mutual couplings, better than -15 dB.  






Figure 6: (a) Designed and (b) fabricated structures of the MIMO antenna; measured and 
simulated (c) reflection coefficient (Snn) and (d) mutual coupling (Smn) results. 
 
3D transparent radiation patterns at 3.6 GHz for each slot resonator are shown in Figure 
7 (a). It is observed that the dual-polarized ring slot elements not only cover different four sides 
of the smartphone mainboard but also support different polarizations (including vertical and 
horizontal) for each side of the board. Therefore, four horizontally and four vertically polarized 
radiations are available with this design, a unique feature that is due to the arrangement of the 
dual-polarized elements at four corner sides of the design and which can improve the MIMO 
performance of the system. In addition, it is found that the radiation elements offer reasonably 
good gain levels for each radiator at the desired operation frequency: as shown, the gain 
characteristic of each element is about 3-5 dB. The radiation and total efficiencies of the MIMO 
antenna system are also illustrated in Figure 7(b). Sufficient and well-defined efficiency results 
are obtained within the operation band of 3.4-3.8 GHz: more than 80% radiation efficiency is 
obtained for the antenna elements while total efficiencies varied around 65%-75%. The 
envelope correlation coefficient (ECC) is a critical parameter in MIMO antenna systems to 
indicate whether the system is effective [35]: this can be calculated from S-parameter results 
Authors draft of the accepted Journal Paper to IEEE Trans on Green Communications and Networking 
 
and should be less than 0.5. Figure 7 (c) clearly shows that the calculated ECC results are well 
inside this threshold over the frequency band of the present design.  
 
(a) 
         
(b)                                                                 (c) 
Figure 7: (a) 3D radiation patterns at 3.6 GHz, (b) radiation/total efficiencies of the elements 
and (c) the calculated ECC results of adjacent elements versus operation frequency. 
Another approach for multi-mode function of the MIMO antennas is to support several 
frequency bands, simultaneously. It should be noted that apart from 3.6 GHz, some other 
frequencies such as 2.6 GHz and 5.2 GHz are considered to further support in sub 6 GHz 5G 
spectrum. In the following, another design of MIMO mobile-phone antenna array with multi-
band function supporting 2.6, 3.6, and 5.2 GHz is introduced for higher data rate of 5G mobile 
applications. However, the frequency response and the radiation characteristic of the antenna 
are studied over the desired operating frequency band of 3.6 GHz (3.4 to 3.8 GHz). As shown 
in Figs 8 (a) and (b), its structure contains double-element square-ring slots fed by microstrip-
lines placed at four corners of the mainboard with a standard size of 75×150 mm2. Similar to 
the previous design, the introduced antenna array is arranged on an FR-4 material and provides 
sufficient scattering parameters and radiation properties. As depicted in Figs. 8 (c) and (d), for 
−10 dB impedance bandwidth, each element covers 3.4-3.8 GHz, LTE 42/43 of sub 6 GHz 5G 
applications. In addition, the mutual couplings of the antenna radiators exhibit less than -25 dB 
at the operational band.  
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(a) (b) 
    
                                          (c)                                                                     (d) 
Figure 8:  Antenna performance (a) Front and (b) back views of the fabricated prototype and 
its measured (c) Snn, and (d) Smn results. 
  
                                      (a)                                                                     (b) 
Figure 9:  Antenna performance (a) ECC and (b) TARC results. 
 
Apart from the antenna S-parameters, other specifications such as envelope correlation 
coefficient (ECC) and the total active reflection coefficient (TARC) are critical parameters in 
MIMO systems. The ECC quantifying multiple-port performance of the antenna system while 
TARC is defined as the square root of the ratio of reflected power. A lower ECC means more 
diversified patterns. Therefore, according to the requirements, in order to have a better MIMO 
performance, the ECC and TARC results of an antenna system should be in low levels. Figures 
9 (a) and (b) represent the ECC and TARC results of the closely spaced elements. It is seen 
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that the ECC and TARC functions of the introduced MIMO array are very low within 3.4-3.8 
GHz. The 3D radiation patterns with and without linear scaling for each element at 3.6 GHz 
are illustrated in Figs. 10 (a) and (b). It is clear that each side of the smartphone mainboard can 
be covered by the radiations of the elements. This is due to proper placements of the antenna 
feed lines which can improve the performance of the antenna system by providing full radiation 
coverage. In addition, sufficient gain values are observed at the target frequency (3.6 GHz). 
 
                                       (a)                                                                  (b) 
Figure 10:  Radiation patterns of the antenna elements (a) with and (b) without linear 
scaling. 
 
V. RF front-end system  
Figure 11 shows a block diagram of the suggested transceiver for the SECRET scenario. 
The transmitter/receiver consists of the AD-FMCOMMS5-EBZ (AD-FMC) through the 
ZC706 Xilinx IoT-controlled platform integrated with the front-end components, namely, 
Doherty PAs, tunable filters and MIMO antennas. The AD-FMC is a high-speed analog module 
designed to showcase the AD9361 in MIMO applications. We preferred to extract the 
scattering parameters of the power amplifier (explained in Section II), then include these 
parameters inside the software and hardware of the AD-FMC, to reduce the possibility of 
interfering with other users, because the spectrum we are working on is not free license. For 
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the tunable filter, and to reduce the complexity and the size of the implemented system, we 
have considered only one prototype design and employed the prototype of Section III, while 
fixed the other filters (with the same performance and equivalent characteristic equation) which 
are already embedded inside the AD9361 platform (as shown in Figure 12). The system is 
prototyped to prove the concept of the SECRET scenario as recommended by our industry 
partner. Of course, we will need 4 tunable filters and 4 PAs at each side of the channel in a 
realistic model. For simplicity, a 4×4 MIMO smartphone antenna described in Section IV has 
been integrated with this system. It should be noted that the 8-element antenna can be also used 
instead. In this case, 50-Ohm loads must be applied for the elements which are not under test.  
 
Figure 11: Block diagram for the suggested system. 
 
A. RF-Agile Transceiver 
The AD9361 is an efficient, widely adopted RF Agile transmitter/receiver employed in 
4G and 5G mobile handset and base station systems. Figure 12 shows the block diagram of the 
AD9361 communication system [36]. Its programmability and wideband operation 
performance make the device an excellent option for wide-ranging wireless front-end 
communications. The device incorporates a transceiver with adaptable different baseband 
signal parts and combined frequency synthesizers, reducing the complexity by offering a 
configurable digital interface to a processor. The AD9361 transmitting chain local oscillator 
works from 47 MHz to 6.0 GHz and the transmitting chain local oscillator works from 70 MHz 
to 6.0 GHz ranges, operating on several licensed and unlicensed spectrum with an operating 
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bandwidth from < 200 kHz to 56 MHz can be obtained. The two isolated direct conversion 
receiving ends have state-of-the-art noise figure and linearity. The receiver sub-system contains 
separate automatic gain control (AGC), DC-offset control, quadrature control, and digital 
filtering tool, in a manner to avoid these required elements in the digital baseband. 
 
Figure 12: The block diagram of the AD9361 transceiver [36]. 
B. Transmitter  
The transmitter side includes two similar and separately adjusted channels that deliver 
all digital processing, mixed-signal, and RF platforms required to achieve a direct conversion 
function while providing a common frequency synthesizer. The transmitting signal pathway 
has 12-bit 2s complement data in I-Q layout from the digital interface, and each channel (in-
phase (I) and quadrature (Q)) passes this data through a fully programmed 128-tap finite 
impulse response filter with interpolation selections. The finite impulse response filter output 
is provided to a series of several other filters that deliver extra filtering and data rate 
interpolation before realizing the 12-bit digital to analogue converter (D/A). The finite impulse 
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response filter and the additional filters can separately be managed and bypassed when 
required. Each 12-bit D/A has a controllable sampling rate. The D/A converter’s analogue 
output is passed through two lowpass filters before the RF mixer. The corner frequency for 
each lowpass filter can also be programmed. At this instant, the I-Q signals are re-integrated 
and modulated on the carrier frequency to be transmitted to the output terminal. The integrated 
signal also passes through analogue filters to improve the transmission selectivity, and then to 
the output power amplifier. The transmitting channel delivers a wide attenuation amendment 
range with fine granularity to enable engineers to obtain an optimized signal-to-noise ratio.  
C. Receiver 
The receiver side consists of all components required to receive RF signals and convert 
them to a digital signal. Two separately controlled channels can receive data from different 
terminals, making the system able to be utilized in multi-input, multi-output communications 
while sharing a common frequency synthesizer. The channel has three inputs that can be 
multiplexed to the signal chain, allowing the AD9361 device to be applicable for 
diversity/MIMO antenna systems. The receiver is a direct conversion system that consists of a 
low noise power amplifier, I and Q matching amplifiers, mixers, and bandpass filtering 
elements that down-convert received signals to baseband for digitization. Additional low noise 
power amplifiers can also be added to the circuit, providing the designers with a more flexible 
tool to modify receiver front-ends for their targeted applications.  
D. Rx and Tx Filtering 
In both the transmitter and receiver sides, there are: 
 Digital interpolation/decimation filters to up/down convert from the digital baseband 
rate (64.11MSPS max) to the real analogue to digital conversion 640MSPS or 
320MSPS rates. 
Authors draft of the accepted Journal Paper to IEEE Trans on Green Communications and Networking 
 
 Analogue lowpass filters either to eliminate sampling artefacts on the transmit chain or 
to the band forming to minimize adjacent channel interference on the receive chain. 
Analogue or digital design for these filters does not affect the magnitude and phase in the 
passband signals because this should be recompensed somewhere in the RF platform. It can 
simply be accomplished inside the 128-tap finite impulse response. The finite impulse response 
filter is not only utilized to serve as a low pass filter but also to recompense for the magnitude 
and phase affects the analogue and digital half-band filters created in the baseband window of 
interest. Figure 13 illustrates the performance of the filters designed in the AD9361 transceiver 
device. The four filters decimate by at least 2, so their pass-bands extend over nearly the total 
output bandwidth of the finite impulse response filter. Because these filters do not affect the 
performance of the upstream half-bands, D/A, and analogue filters, the entire amplitude 
performance of the front-end device can tapper as these filters are set with less bandwidth. 
       
Figure 13: Rx and Tx Filter response. 
E. System implementation and measurements 
In this subsection, we aim to test the system performance by integrating the previously 
implemented RF elements with the ZC706 FPGA and AD-FMC platforms.  Figure 12 shows 
the suggested block diagram for the system and the implemented system including the elements 
presented above, respectively. As illustrated in Figure 14 (a), a baseband signal can be 
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generated easily using either MATLAB code or Simulink blocks. The generated baseband 
signals can be processed to be sent through the antennas of AD-FMC through the Xilinx 
platform (ZC706). LTE Toolbox is used to generate the uplink and downlink reference 
measurement channel (RMC) waveforms by defining the RMC configurations, identifying the 
cell and determining the number of frames that will be sent after specifying the operating 
frequency and the number of using antennas. In order to test the system, an image will be sent 
through it. The image is converted into a binary stream, fed to input of the LTE toolbox to 
generate the baseband waveform depending on the selected standards. After that, the generated 
baseband waveforms are fed to the AD-FMC through the ZC706 platform, where the signal is 




Figure 14: The proposed system (a) A conceptual overview. (b) Implemented hardware. 
The carrier frequency can be easily modified using the programme code across a wide 
frequency range of 70 MHz to 6.0 GHz. The RF output signal is transmitted using four 
different antennas at the transmitting side and also four antennas are used for the receiving 
(4×4). At the receive side, the AD-FMC is programmed to operate at the transmitted 
frequency, where the RF signal goes through LNA, filters and A/D blocks to generate the 
I/Q baseband waveforms, where the frequency offset is determined and corrected. In 
addition, the LTE frame is synchronized so that the OFDM demodulation can be performed 
where data decoding process is necessary to recombine the data to form the received signal. 
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At the same time, channel estimation for the received signal is performed using cell-specific 
reference signals, where an averaging window is used to minimize the noise effect. As shown 
in Figure 15, various MIMO orientations were considered for measurements with and with 
hand-free and almost similar results are achieved. The antenna orientation is studied in two 
different scenarios including face to face and side by side This could be due to the 
symmetrical configuration of the antenna system with stability function at different setups. 
The impact of the user-hand was not significant during the measurement, since the antenna 
provides sufficient performance in the presence of the user-hand. The proposed method is 
also very flexible and can be repeated and extended to higher MIMO orders. It was observed 
that the BERs over all these different scenarios were consistent, as reported in Table 1. 
Moreover, various bandwidth spectrums such as 5, 10, 20 and 30 MHz have also been tested 
to handle the MIMO communication links and the results were quite satisfactory in terms of 
achieving the required BER. Moreover, the MIMO handsets over many distances within our 
test lab (lab size: 8 x 14 x 3.6 m3) have been tested, in which we are able to investigate the 
transmitted data for a line of sight and non-line of sight for many positions and locations. 
We have also included the concept of LOS and NLOS when a user sits in between, the 
achievable BER was found between 10-8 and 10-10 for a maximum output power of 1.5, 4.5 
and 7.5 dBm (the lower power was adjusted by integrating 3dB attenuators within the 
transmitted power of the MIMO handset). In general, we aimed by this test to confirm the 
radiation diversity of our new MIMO system.  Figure 16, summarizes the variations of the 
BER based on all possible MIMO handset orientations. It is clear the radiation pattern 
diversity of the proposed MIMO handset was approved over the range of the output power 
considered here.    
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(a) 
    
(b) 
Figure 15: Various MIMO handset orientations with (a) hand, (b) hands-free. 
 
 
Figure 16: System performance with different scenarios. 
 
There was a very high correlation between the transmitted and received data with a 
reliability of more than 99% (based on the image size and BER). At the same time, the system 
stability, repeatability and consistency were very high. Figure 17 shows the received baseband 
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spectrum of the four received signals that come from the four antennas, it can be seen from the 
figure that all receive channels are performing well, where the signal bandwidth is 10 MHz. 
The performed channel estimation is shown in Figure 18 where the channel information is 
plotted for each subcarrier and symbols indexes. 
 
Figure 17: The spectrum of the received signals from four antennas. 
 
  
Figure 18: Channel estimation response. 
 
A constellation diagram of the equalized received symbols is shown in Figure 19, where 
a normalized 64-QAM constellation of the received symbols is plotted. After demodulating the 
received symbols to form the received data, the obtained image is shown in Figure 20. It is 
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worthy to mention that the standard MIMO smartphone antenna systems tend to use two or 
four antenna elements in a single physical profile. While massive MIMO employs an especially 
high number of antennas which can improve the performance of the system and make it more 
resistant to interference and jamming. In cellular communications, this task is attained by 
incorporating multiple antenna elements (six to ten) into the limited space of the smartphone 
board which is advantageous for 5G practical applications [37]. 
 
Figure 19: Constellation of the received symbols. 
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Figure 20: The received image compared with the transmitted one. 
 
VI. Conclusion  
A green RF front-end is proposed within the SECRET project for integration on a single 
layout circuit model for future emerging 5G transceivers, where a highly efficient amplifier, 
compact filter and MIMO antennas are used. The designed amplifier is used to increase the 
efficiency of the system, whereas increasing the number of transmitting and receiving antennas 
enhances the overall system capacity. The system channel is tunable and controllable using the 
IoT filtering platform. The design is built on RF standardization and spectrum policy 
requirements and engineered to provide minimal power consumption of 18-20 mW. The design 
procedures were applied towards optimising the RF chain parameters of future 5G devices and 
to establish the limits and the constraints, especially in terms of effective consumed power for 
heterogenous transceiver systems. Furthermore, a MIMO transceiver using AD-FMC through 
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the ZC706 platform was designed and programmed, where a MATLAB code was employed to 
transmit and receive a picture using four antenna elements. The practical system was able to 
send and receive the picture correctly after specifying the operating frequency and the 
bandwidth for each channel. The generated baseband waveforms were fed to the 
communication platform, where the signal is modulated using 64-QAM and carried at a carrier 
frequency of 3.6 GHz. The system has achieved a BER of less than 10-10 at a data rate of 600 
Mb/s with a wireless communication distance of more than 1 meter and low power dissipation 
by employing hybrid beamforming technology. Using the three-way Doherty amplifier, the 
system was able to achieve a peak power of 48 dBm with more than 75 % efficiency at the 
peak power.  
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